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ABSTRACT This study demonstrates that neutralizing-
antibody-producing B cells, CD4* T cells, and interferons (IFNs)
are of key importance in virus control both in adoptive immu-
notherapy of persistent infection and in the late phase of acute
infection with the WE strain of lymphocytic choriomeningitis
virus (LCMYV). We report the following results. (i) Clearance of
LCMV-WE from C57BL/6 carrier mice by adoptive transfer of
memory spleen cells requires B cells and CD4* T cells but not
necessarily CD8* T cells. (if) At the doses examined, CD8* T cells
contribute to the initial reduction of viral titers but are alone not
sufficient to clear the virus because they are exhausted. (iii) In
the presence of functional IFN-v, virus clearance correlates well
with the generation of neutralizing antibodies in the treated
carrier mice. (iv) In the absence of receptors for IFN-vy, virus
clearance is not achieved. (v) Adoptive immunotherapy of mice
persistently infected with a distinct virus isolate, LCMV-
Armstrong, revealed only low levels of neutralizing antibodies; in
this case, CD8% T cells were needed for virus clearance in
addition to B and CD4* T cells. (vi) After low dose infection of
C57BL/6 mice with LCMV-WE, virus is eliminated below de-
tectable levels by CD8* T cells, but long-term (>2 months) virus
control is usually not achieved in the absence of B cells or CD4*
T cells; reappearance of the virus is paralleled either by exhaus-
tion of virus-specific cytotoxic T lymphocytes or lethal immuno-
pathology. These findings are of importance for adoptive immu-
notherapy strategies against persistent virus infections in hu-
mans.

Control of acute viral infections and of virus clearance from
chronic virus carriers by adoptive immunotherapy with im-
mune spleen cells has been studied in the mouse model
infection with the noncytopathic lymphocytic choriomeningitis
virus (LCMV) for more than 30 years (1-12). For elimination
of LCMV from virus carriers, it was shown that hyperimmune
sera had no effect (10), but antiviral cytotoxic T lymphocytes
(CTL) are capable of reducing viral titers; CTL have, there-
fore, been invoked as the major effector population (12-15).
However, several important observations remain unexplained.
(i) Why are transferred spleen cells obtained from mice 8-10
days after infection unable to clear the virus, whereas memory
spleen cells from mice more than 60 days after infection are
efficient (8)? Although two kinds of immune T cells have been
postulated to explain this result (12), an untested explanation
could be that neutralizing-antibody responses can be demon-
strated only at the later time point (16, 17). We have recently
shown that specific infection of B cells expressing the neutral-
izing-antibody receptor leads to CTL-mediated lysis of in-
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fected B cells during the acute phase of LMCV infection (18).
(if) How can adoptively transferred CTL alone mediate virus
clearance when confrontation with large amounts of antigen
after transfer into carrier mice leads to CTL exhaustion? This
has been shown for naive and primed CD8* T cells in mice
persistently infected with LCMV-WE or acutely LCMV DOC-
ILE-infected mice (6, 19). (iii) How can CTL-mediated virus
clearance be achieved without causing significant immunopa-
thology? This is particularly important for virus clearance from
infected neurons because these cells cannot regenerate (14).
Therefore, effector mechanisms other than perforin-mediated
cytotoxicity such as antibodies or interferon y (IFN-vy), which
is also released by CD8" T cells, have been suggested to be
involved in clearance of a persistent LCMYV infection in carrier
mice (20). The importance of effector populations other than
CD8™* T cells in the control of noncytopathic virus infections
has recently also been emphasized after acute infection with
LCMYV (21). It was shown that the presence of CD4* T cells
and B cells is critical for long-term virus control.

Clearance of virus from persistently infected hosts is of wide
medical interest and adoptive immunotherapy of chronic virus
carriers has been attempted in cytomegalovirus (22), Epstein—
Barr virus (23), hepatitis B virus (24), and HI'V infections (25)
in humans by using expanded CTL populations. Therefore, this
study reevaluated immune mechanisms critically responsible
for LCMV clearance from carrier mice and in long-term
control of acute LCMYV infection.

MATERIALS AND METHODS

Mice and Viruses. Inbred C57BL/6 and wild-type 129 (wt129)
mice were purchased from the Institut fiir Versuchstierkunde
(University of Ziirich, Ziirich). Breeding pairs of IFN-a/B or
IFN-v receptor-deficient mice (26, 27), major histocompatibility
complex (MHC) class II —/— (28), CD4 —/— (29), and immu-
noglobulin w chain gene-deficient mice (30) were originally
obtained from the referenced sources and bred locally. Congen-
ital LCMV-WE-carrier mice were offsprings of C57BL/6 or
G129 or A129 mice that were injected less than 24 h after birth
with 106 plaque-forming units (pfu) of LCMV-WE; alternatively,
immunosuppressed females were injected with LCMV-
Armstrong (ARM), and infected offsprings were used as carriers.
LCMV-WE was obtained from Fritz Lehmann-Grube (Heinrich-
Pette Institut fiir Experimentelle Virologie, Hamburg, Germa-
ny). LCMV-ARM CA 1371 was provided by M. Buchmeier (The

Abbreviations: LCMV, lymphocytic choriomeningitis virus; CTL, cyto-
toxic T lymphocyte(s); pfu, plaque-forming units; IFN, interferon; wt,
wild type; d60 cells, cells from mice infected with LCMYV at least 60 days
before testing; MACS, magnetic cell sorting; MHC, major histocompat-
ibility complex.
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F16. 1. Delayed virus clearance after adoptive transfer of d60 im-
mune spleen cells depleted of CD8* T cells. LCMV-WE-immune (200
pfu iv. >60 days previously) spleen cells were depleted of CD4* (O) or
CD8* T cells (m); 108 cells were adoptively transferred into LCMV-WE-
carrier mice. Virus clearance in the blood was compared with LCMV-
WE-carrier mice receiving 10% untreated d60 immune spleen cells (a).
Titers are expressed as the mean of 7-9 mice; SEM was <0,4 logio.

Scripps Research Institute, La Jolla, CA). Virus titers were
quantified using a focus forming assay on MC57G cells (31).
Titers are expressed as plaque-forming units per gram of organ
or per milliliter of blood.

Depletion of Cell Subsets and Cell Transfer. For in vitro
depletion of CD4* and CD8™ T cells, spleen cells were incubated
with mAb M13 (anti-CD8) and mAb 172.4 (anti-CD4) for 30 min
at 4°C, followed by the addition of rabbit complement for 90 min
at 37°C. In addition, mAbs coated with microbeads (GK1.5
anti-mouse L.3T4, 53-6.7 anti-mouse Ly-2, and RA3-6B2 anti-
mouse Ly-5; Milteny Biotec, Bergisch-Gladbach, Germany) were
used for positive selection or depletion of lymphocyte subsets by
magnetic cell sorting (MACS). Efficiency of purification was
controlled by fluorescence activated cell sorter analysis with use
of fluorescein isothiocyanate-labeled antibodies (PharMingen).
Purity was >95% for all populations used except for MACS-
purified CD8* T cells, for which purity was 80-85%. The cell
numbers transferred correspond to the number of viable cells as
counted immediately before i.v. injection.

Neutralization and Cytotoxicity Assays. LCMV-specific
neutralizing activity of mouse sera was measured in a focus
reduction assay (31). Cytotoxic activity of spleen cells was
assessed after 5 days of restimulation in vitro on thioglycolate-

Table 1.
immunotherapy of LCMV-WE carrier mice
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induced (1 ml i.p. day —6), LCMV-infected (200 pfu i.p. day
—4) peritoneal macrophages against LCMV-WE-infected
MC57G target cells in a standard 3!Cr-release assay (32).

RESULTS

Clearance of Virus from LCMV-WE-Carrier Mice by Adoptive
Transfer of Memory Spleen Cells Requires B and CD4* T Cells
but Not CD8* T Cells. To establish quantitative and kinetic
requirements for effective virus control, we adoptively transfused
LCMV-WE-infected C57BL/6 carrier mice with 107 or 108 spleen
cells from syngeneic mice, which had been infected with 200 pfu
of LCMV-WE at least 60 days previously (d60 immune spleen
cells). Adoptive transfer of 103 memory spleen cells led to
clearance of virus from blood and various organs of recipient
carrier mice (Fig. 1 and Table 1, experiment 1) within 10-20 days,
whereas 107 spleen cells were not effective (data not shown).
Virus clearance from the kidneys was not achieved before day 60,
confirming earlier results (8, 13). As had been described in earlier
studies, in less than 10% of the mice treated with 108 cells, virus
decreased only transiently and persisted (13).

To analyze which lymphocyte populations were responsible for
virus clearance, specific cell subsets were depleted from d60
immune spleens by using either mAbs and complement or cell
separation with magnetic beads (MACS). Adoptive transfer of
108 d60 immune spleen cells depleted of either CD4" T cells or
B cells did not lead to virus clearance from LCMV-WE-carrier
mice (Table 1, experiments 2 and 3). Surprisingly and in contrast
to results obtained with LCMV-ARM (see below), LCMV-WE-
carrier mice were able to clear the persistent infection if treated
with 108 d60 immune spleen cells that were depleted of CD8* T
cells (Table 1, experiments 2 and 3); however, clearance was
slower and was not achieved before day 40 in the blood (Fig. 1).
These results were confirmed by a series of adoptive transfer
experiments using MACS-purified d60 immune cells. To limit the
number of donor spleens, minimal cell doses needed to achieve
virus clearance were used in these experiments. Of the various
combinations of positively selected 107 B cells, 5 X 105 CD4" T
cells, or 5 X 106 CD8™ T cells, only a combination of CD4™ T cells
plus B cells succeeded in clearing LCMV-WE-carrier mice,

B cells and CD4" T cells but not CD8" T cells are needed for successful adoptive

Virus titer

Transferred Days after
Exp. lymphocytes transfer Blood Brain Spleen Kidney
1 d60 immune cells 20 <1.8 <19 <21 4.8
d8 immune cells 20 2.6 £0.6 45+ 0.6 44+03 5.8+0.2
None 6.9 =03 6.2+0.2 6.0+0.3 71+04
d60 immune cells
2 anti-CD8 + C’ treated 90 <1.8 <1.8 <22 3403
anti-CD4 + C’ treated 90 57+0.1 46 +0.3 56+0.3 6.6 = 0.2
anti-B cell + C’ treated 90 42+03 51+04 53+04 6303
3 CD8 depleted 40 <1.7 <2.0 <2.0 4.4 +0.2
CD4 depleted 40 23 +0.6 25+03 35+0.7 53+02
4 CD4" plus CD8* cells 40 4.6+ 0.1 55+0.1 6.5+ 0.1 6.8 0.1
CD8* plus B cells 40 38+04 47+0.1 57+1.1 59+0.1
CD4" plus B cells 40 <1.7 <2.0 <21 45=*03

C57BL/6 mice were infected i.v. with 200 pfu of LCMV-WE. Spleen cells (108) of these mice were taken
either 8 days (d8 immune cells) or 60 days after infection (d60 immune cells), and cells were adoptively
transferred to C57BL/6 LCMV-WE-infected carrier mice.

Virus titers are expressed as plaque-forming units per gram of organ or per milliliter of blood (logio
+ SEM) and are means * sem of four mice. Experiments were repeated at least twice with similar results.
In experiment (Exp.) 2, either CD4* or CD8™ T cells or B cells were depleted with mAbs and complement.
In experiment 3, CD4" or CD8* T cells were depleted with the use of magnetic beads. Cell depletion
efficacy was >95%. In experiment 4, CD4* T cells, CD8* T cells, and B cells were purified by magnetic
beads. Then, 5 X 106 CD4* T cells, 5 X 10° CD8" T cells, and 1 X 107 B cells (previously determined
as minimally necessary numbers of cells) were injected in various combinations into LCMV-WE carriers.
The purity of the enriched spleen cell populations was >95% for B and CD4* T cells and 80-85% for

CD8* T cells.
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whereas all other combinations had no long-term effect on virus
titers (Table 1, experiment 4).

Neutralizing-Antibody-Producing B Cells Are the Limiting
Cell Population for Clearance of LCMV-WE from Carrier Mice
by Adoptive Immunotherapy. Previous experiments had shown
that LCMV-specific neutralizing antibodies cannot be detected
before ~60 days after infection with 200 pfu of LCMV-WE (16,
17). An important role for neutralizing-antibody-producing B
cells in virus clearance from carrier mice would imply that only
donor spleen cells from mice infected more than 60 days earlier
should be effective. As also shown in earlier studies using
different virus isolates (8, 12), adoptive transfer of spleen cells
from mice infected with LCMV-WE 8 days previously (d8
immune spleen cells) failed to clear the persistent infection (Table
1, experiment 1). Also a combination of 1 X 107 d8 immune B
cells and 5 X 105 d60 memory CD4" cells was ineffective (Table
2). In contrast, adoptive transfer of 1 X 107 d60 immune B cells
in combination with 5 X 10% d8 immune CD4* T cells mediated
virus clearance from LCMV-WE-carrier mice within 40 days
(Table 2). Thus, although primed CD4* T cells are necessary, the
limiting cell population for clearance of LCMV-WE from carrier
mice appear to be neutralizing-antibody-producing B cells. To
test whether neutralizing antibodies were detectable in carrier
mice undergoing successful adoptive immunotherapy, we ana-
lyzed serum of the recipient mice at different time points after
adoptive transfer of 108 d60 immune spleen cells using neutral-
ization assays. Fig. 2 shows that 9-12 days after cell transfer
neutralizing antibody titers could be detected. The titers in-
creased until days 15-20 and then decreased until about day 30,
when virus had been cleared and, surprisingly, no more neutral-
izing antibody activity could be detected.

CD8™ T Cells Are Needed in Addition to B and CD4* T Cells
for Virus Clearance from Carrier Mice, if Adoptive Immuno-
therapy Does Not Induce Significant Titers of Neutralizing
Antibodies. The results presented above are in contrast to pre-
vious studies using the ARM and Traub isolates of LCMV; these
studies characterized CTL as the limiting cell population for virus
clearance (12, 13, 15, 33). Therefore, a series of experiments using
LCMV-ARM-carrier mice was added. Table 3 shows that adop-
tive transfer of 108 d60 LCMV-ARM-immune spleen cells caused
virus clearance, albeit with a significantly slower kinetics than that
observed for LCMV-WE (60 versus 10-20 days). In contrast to
LCMV-WE, clearance of LCMV-ARM from carrier mice re-
quired B and CD4" T cells as well as CD8" T cells (Table 3);
interestingly, the sera of LCMV-ARM-carrier mice undergoing
immunotherapy contained only low titers of neutralizing anti-
bodies (Fig. 2). This result suggests that when low titers of
neutralizing antibodies are induced, CTL were necessary in
addition to Band CD4" T cells for virus clearance. These findings
were further corroborated by experiments that were based on the
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FiGg. 2. Neutralizing antibodies are more efficiently induced in
LCMV-carrier mice by adoptive transfer of LCMV-WE-primed than
LCMV-ARM-primed memory spleen cells. LCMV-WE-immune (m) or
LCMV-ARM-immune (O) spleen cells (10%) were adoptively transferred
into the corresponding C57BL/6 LCMV-carrier mice. Sera were analyzed
for neutralizing antibody activity (data are the mean of 3-5 mice; SEM <
1). The experiment was repeated four times with similar results.

cross-reaction of LCMV-specific CTL and neutralizing antibod-
ies between the ARM and WE isolates. LCMV-ARM-carrier
mice adoptively transfused with d60 LCMV-WE-immune spleen
cells cleared virus by around 20 days after transfer (Table 3), and
the kinetics of neutralizing antibody titers was similar to that
obtained in LCMV-WE-carrier mice. CD8* T cell depletion
abrogated the capacity to clear. In contrast, LCMV-WE-carrier
mice that received 103 LCMV-ARM-primed memory spleen cells
did not clear the persistent virus infection (Table 3), and no
neutralizing antibodies could be measured.

IFNs Are Important for Clearance of a Persistent LCMV
Infection in Carrier Mice. IFNs have previously been impli-
cated in virus clearance from carrier mice (20). To further
define the role of IFNs, LCMV-WE-carrier mice that lacked
the receptor for either IFN-y (G129 mice; ref. 27) or IFN-a/
(A129 mice; ref. 28) were analyzed in adoptive transfer ex-
periments. Because these mice have a 129 strain background,
wt129 LCMV-carrier mice were used as controls. Adoptive
transfer of 108 >d60 immune wt129 spleen cells led to transient
clearance of virus from both A129 and G129 LCMV-carrier
mice (Table 4). However, clearance was not complete. In the
absence of the IFN-a/f receptor, virus persisted at very low
levels in several organs as late as 60 days after transfer. In
IFN-+y receptor-deficient carrier mice, virus titers were overall
only slightly reduced. Both of the mutant carrier mice dis-
played high titers of neutralizing antibodies (Table 4).

B Cells and CD4* T Cells Are Also Needed for Long-Term
Virus Control After Acute Low Dose Infection with LCMV-WE.
Is there a role for B cells and CD4* T cells in control of acute
LCMV-WE infection? After infection of CD4* T cell-, MHC
class II-, or B cell-deficient mice with 200 pfu of LCMV-WE, virus

Table 2. Successful virus clearance from LCMV-WE carrier mice requires d60 immune B cells

Virus titer?

Combination of transferred NAb
lymphocytes* (CD4/CD8/B) Blood Brain Spleen Kidney titerst
Unseparated spleen cells (d60) <1.7 <2.0 <2.0 4.7 £0.5 3/3
d8,/d60/d60 <17 <18 <20 38+ 04 3/3
d8/—/d60 <1.7 <2.0 <2.0 46=*03 3/3
d60/d8/d8 39+03 48 £05 45+05 55*06 0/3
d60/—/d8 42x05 47 %02 42+ 1.1 57x04 0/3

*Spleen cells from mice infected i.v. with 200 pfu of LCMV-WE either 8 or 60 days previously were
depleted of CD4* or CD8* T cells or B cells or positively selected for CD4* or CD8* T cells or B cells
using magnetic beads. Then, 5 X 10 CD4* T cells, 5 X 105 CD8* T cells, and 1 X 107 B cells from d8
or d60 immune spleens were injected in various combinations (cell order shown is CD4/CD8/B cells)
into LCMV-WE-carrier mice according to the experimental setups listed in the table.

TVirus titers are expressed as plaque-forming units per milliliter of blood or gram of organ (logio) on day
40 after cell transfer and are means = SEM of three mice. The experiments were repeated at least three

times with similar results.

#Neutralizing antibody (NAD) titers were monitored 15-30 days after adoptive transfer, and numbers of
mice displaying titers >2 log, per total number of mice are given in the table.
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Table 3. Successful adoptive immunotherapy of LCMV-ARM-carrier mice requires
LCMV-ARM-primed B cells and CD4* T cells as well as CD8* T cells

Virus titer*
Transferred

Exp. lymphocytes Blood Brain Spleen Kidney
1 d60 ARM immune cells <1.7 <1.8 <2.1 42+02
d8 ARM immune cells 3.7+04 4.6 04 52+03 5.8+04

2 d60 ARM immune cells
CD8" T cell depleted 4.6 =09 44 =05 5.7+x04 6.0=0.5
CD4" T cell depleted 34+03 4.8 +0.2 5.6 0.6 6.0 0.2
B cell depleted 42+03 6.2=*05 5.7+04 6.4+02

3 WE-immune cells into <1.7 <1.7 <2.1 3.3
ARM-carrier mice
ARM-immune cells into
WE-carrier mice

In experiment (Exp.) 1, C57BL/6 mice were infected i.v. with 200 pfu of LCMV-ARM. Spleen cells
of these mice were taken either 8 days (d8 ARM-immune cells) or 60 days (d60 ARM-immune cells) after
infection, and 10® cells were adoptively transferred into C57BL/6 mice persistently infected with
LCMV-ARM. In experiment 2, specific ymphocyte subpopulations were depleted by magnetic cell sorting
before transfer. In experiment 3, 108 d60 LCMV-ARM-immune or d60 LCMV-WE-immune spleen cells
were adoptively transferred into C57BL/6 mice persistently infected with one of the two LCMYV isolates.
At 100 days after cell transfer, the carrier mice were killed and virus was quantified.

*Virus titers are expressed as plaque-forming units per milliliter of blood or gram of organ (logio) on day
100 after cell transfer and are means = SEM of three to five mice. Experiments were repeated twice

44 +04 44+03 4.6 = 0.6 62 *05
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with similar results.

titers in the blood (Fig. 3) and in the spleen, lung, brain, and liver
(data not shown) dropped below detectable levels in all three
mutant mouse strains examined by day 20, confirming earlier
results (30, 34-37). However, virus could again be detected both
in the blood and in solid organs around day 50 after infection of
MHC class II-deficient mice, around day 70 in CD4-deficient
mice, and as late as day 200 in B cell-deficient mice (Fig. 3). The
time of reappearance of the virus was dose-dependent, as dem-
onstrated here for B cell-deficient mice infected with 10* versus
10? pfu of LCMV-WE. Among the latter, 2 of 21 mice remained
free of virus throughout the observation period of 230 days.
The fact that all of the mutant mouse strains examined
initially generated functional CTL memory responses (Fig. 3)
raised the question of why these CTL lost control over the
virus. Virus isolated from mice late after infection was readily
recognized by LCMV-specific CTL, as evidenced by lysis of
infected target cells and in vitro restimulation assays (data not
shown), rendering the selection of CTL epitope escape mu-
tants unlikely. Also, virus-specific CTL activity could readily
be demonstrated by using in vitro restimulation assays in all
three mouse strains during the entire time of effective virus
control (Fig. 3). The two virus-free B cell-deficient mice
showed measurable CTL responses as late as 200 days after
LCMYV infection, confirming that, in principle, maintenance of
CTL memory is independent of B or CD4" T cells (34-39).
However, in none of the mice in which virus had reappeared

could virus-specific CTL be demonstrated (Fig. 3). Seven of 21
B cell-deficient mice died between day 150 and day 200 after
infection with 200 pfu of LCMV-WE; the first clinical signs of
illness correlated with reappearance of virus in the blood. No
obvious histopathological signs for T cell-mediated immuno-
pathology were found in these mice (data not shown).

DISCUSSION

This report documents an important role for neutralizing-
antibody-producing B cells and CD4™" T cells for efficient adop-
tive immunotherapy of persistent LCMV-WE or LCMV-ARM
infection and shows a decisive contribution of mainly IFN-y and
to a minor extent of IFN-«/B; in addition, a critical role of
neutralizing antibodies is shown in long-term control of acute
infection with low doses of LCMV-WE. Because initial virus
control by CTL remains apparently incomplete in both of these
important model situations, continuously produced neutralizing
antibodies are apparently critically needed to control virus
spread, most likely from peripheral sites of low-level persistence.

The Role of Band CD4™" T Cells Versus CD8* T Cells in LCMV
Clearance from Carrier Mice. In the presented experiments,
virus clearance by adoptive immunotherapy of LCMV-WE-
infected virus carrier mice required B cells and CD4* T cells but
not CD8™* T cells. Earlier experiments with carrier mice infected
with the ARM isolate of LCMV (14, 15) had shown that 30 days
after adoptive transfer of immune spleen cells around half of the

Table 4. Both IFN-a/B and IFN-v are necessary for virus clearance in addition to

neutralizing antibodies

Neutralizing
Ab titer Virus titer’ per ml blood or gram organ
Transferred LCMV-WE (log2) (logio) on d60 after cell transfer
lymphocytes* carrier d10 d20 Blood Brain Spleen Kidney
wt129 wt129 8.0 7.5 <1.7 <1.6 <2.0 3.2
wt129 A129 43 6.0 22 <1.6 2.6 5.2
wt129 G129 5.0 38 4.8 4.8 4.0 5.6

*wt129 mice were infected i.v. with 200 pfu of LCMV-WE. Spleen cells of these mice were taken 60 days
after infection, and 108 cells were adoptively transferred into either wild-type (wt129), IFN-a/B
receptor-deficient (A129) or IFN-y receptor-deficient (G129) LCMV-WE-carrier mice. On days 10 and
20 after transfer, the blood of the treated carrier mice was monitored for infectious virus and for the
appearance of neutralizing antibodies.

TVirus titers are expressed as plaque-forming units per milliliter of blood or gram of organ (logio) on day
60 after cell transfer and are means of two to four mice; SEM. < 0,4 logio. The experiment was repeated
twice with similar results.
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FiG. 3. Long-term virus control after LCMV infection depends on the presence of B cells and CD4* T cells. IgM —/— and CD4- and MHC
class II-deficient mice were infected with low (102 pfu) or intermediate (10* pfu) doses of LCMV-WE, and virus titers were measured in the blood
(mean of three to six mice; SEM < 0,5 logio). The experiment was repeated twice with similar results. Within the indicated time intervals, two
to three mice per group were killed and spleen cells were tested for LCMV-specific cytotoxicity after 5 days of restimulation with LCM V-infected
peritoneal macrophages. Spontaneous >'Cr release was <25% in all assays. Open symbols represent CTL activity from mice in which LCMV
reappeared, and solid symbols represent CTL activity from mice in which no virus could be detected.

mice treated with B cell- or CD4" T cell-depleted memory spleen
cells had cleared virus from the blood, whereas in mice treated
with CD8* T cell-depleted spleen cells, LCMV could still be
detected (14, 15). When we repeated these experiments using a
more stringent definition of virus clearance (i.e., the absence of
virus from blood and several organs 100 days after cell transfer),
we found that all three subpopulations in LCMV-ARM-primed
donor spleen cells were necessary to achieve virus clearance.
What could explain the differences between clearance of LCM V-
ARM and LCMV-WE in carriers? Qualitative and/or quantita-
tive differences in the immune donor cell populations are con-
ceivable; on the other hand, spread and distribution of the two
virus isolates in the host could be different. We found that
WE-induced memory spleen cells could clear virus from ARM
carriers, albeit only in the presence of CD8* T cells, whereas the
inverse combination was not effective. This finding suggests that
differences both in the donor cells and in the virus present in the
recipient are relevant. More importantly, in the presence of IFN,
the induction of neutralizing antibodies was a critical prerequisite
for virus clearance in these situations, as in all other situations
tested,; if neutralizing antibody titers were low, CD8* T cells were,
however, needed in addition to B and CD4" T cells.

Why Have Neutralizing B Cell Responses Been Missed So Far?
The importance of neutralizing-antibody-producing B cells in
virus control and elimination probably has been underestimated
in previous studies because these protective antibodies cannot be
assessed by ELISA assays. Although it seems reasonable to
assume that neutralizing antibodies eliminate virus from the
blood, it remains unclear whether additional mechanisms may be
involved. It is important to note that neutralizing antibodies, i.e.,
high doses of hyperimmune serum alone, are not sufficient for
virus clearance (10). This either reflects rapid consumption by
excess virus or shows that the necessary high antibody concen-
trations provided by B cells homing to sites of virus persistence
cannot be achieved by passive transfer of serum. Alternatively,
antibody could be rapidly consumed by binding to an excess of

virus. The finding that neutralizing-antibody titers rapidly faded
once virus was cleared is surprising. In many virus infections,
neutralizing antibodies, once induced, usually persist for a long
time if not for life. It is tempting to speculate that during
immunotherapy of LCMV carriers, complete clearance of virus
may deplete antigen depots below a level needed for the main-
tenance of immunological memory. Our results can provide an
explanation of why only late d60 immune, but not early d8
immune, spleen cells can mediate virus clearance (8); neutralizing
antibodies appear relatively late (>60 days) after virus infection
(16, 17), probably because early neutralizing-antibody-producing
B cells are preferentially infected and lysed by CTL (18).

The Role of IFNs and of CTL in LCMV Clearance from
Carrier Mice. Our results obtained with IFN receptor-deficient
mice continue data with IFN-y —/— mice (21) on the role for
mainly IFN-vy and also reveal a minor effect of [FN-«/B action on
recipient host cells in virus clearance from carrier mice. In this
context, the role of CD4" T cells in elimination of LCMV from
persistently infected mice is probably not only to provide help to
B cells but also to secrete IFNs and/or other cytokines. What then
is the role of CTL in virus clearance from carrier mice? Our
results demonstrate that CD8" T cells contribute primarily early,
i.e., within the first 10-20 days, after adoptive immunotherapy.
These findings are compatible with results from several studies
that signaled a role for CD8™ T cells (12, 14, 15). The contribution
of CD8™" T cells appears transient, however, which is in keeping
with the previous finding that LCMV-specific CTL may be
exhausted after adoptive transfer into carrier mice (6, 19). In this
study, 15-20 days after transfer of spleen cells from memory mice,
no LCMV-specific cytotoxicity could be recovered from the
spleens of recipient mice by using conventional in vitro restimu-
lation assays (40). It, therefore, seems unlikely that immune CTL
contribute significantly to virus clearance after this time period.
This interpretation seemingly contradicts earlier experiments,
which identified LCMV-specific CTL activity in cured carrier
mice derived from the original donor spleen used for adoptive
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immunotherapy (15, 41). The fact that donor-derived CTL can be
retrieved late after virus elimination does not, however, prove
that these cells are memory CTL which have contributed to the
initial viral clearance from the carrier recipient. Exhaustion of
CTL is apparently critically dependent on the quantitative bal-
ance between antigen and CTL; therefore, our findings do not
exclude that this limitation may be at least partially overcome by
a very high number of specific CD8" T cells such as may be used
in therapeutic protocols with in vitro expanded T cells. However,
this approach implies the danger of either selecting virus escape
variants (42) or inducing significant immunopathology or even
death (6, 43, 44).

Role of Neutralizing Antibodies in Long-Term Control of
LCMYV After Low Dose Acute Infection. While our studies on
the role of B cells and CD4" T cells in long-term control of
LCMYV infection were in progress, a study on the inability of
IgM —/— and MHC class II —/— mice to control acute
infection with 1,000 LDsy of LCMV Traub was published (21).
The present study confirms and extends these findings for
infection of C57BL/6 mice with LCMV-WE. Using low doses
of LCMV-WE, we could not demonstrate virus after the acute
phase of the infection in any organ except for some kidneys for
a period as long as 200 days in the case of IgM —/— mice. This
result suggests that virus control in this time period is achieved
to a near complete extent; conventional methods are appar-
ently not sensitive enough to detect persisting virus. Because
CTL memory could be demonstrated in virus-free IgM —/—
mice as late as 200 days after priming, the maintenance of T
cell memory appears to be independent of B or CD4* T cells,
as shown previously (34-37). It therefore seems likely that
virus, which has not mutated the relevant CTL epitopes,
reappears in the presence of functional CTL memory. Of
interest, 7 of 21 IgM —/— mice died during the period of
150-200 days after infection. Overall this may suggest an
unfortunate balance between two extreme situations; either
CTL memory controls virus efficiently at very low levels or
virus reappearing spreads too rapidly and very widely so as to
cause exhaustion of the virus-specific CTL, allowing the mice
to survive as carriers, or there is an intermediate distribution
kinetics of the virus so that CTL are not completely exhausted
but may eventually cause lethal immunopathology.

Conclusion. Taken together, the various data on long-term
virus control after acute infection with a low dose of LCMV and
those on virus clearance from carrier mice correlate well. Initial
virus control mediated by CTL is incomplete; LCMV persists at
low levels in peripheral sites, from which it may periodically
spread throughout the circulation. The obvious implication would
be that virus persists after acute LCMV infection, thereby pro-
viding the basis for restimulation of protective, i.e., activated CTL
memory (45, 46). The following principles emerge for effective
immunotherapy of LCMV infection. Neutralizing antibody-
producing B cells and CD4" T cells are the limiting cell popu-
lations for effective and long-lasting virus clearance. CD8" T cells
significantly contribute to virus clearance in the early phase, but
the relative requirements for a contribution of CD8* T cells
depends on the kinetics and magnitude of the antibody response,
which differ in immunotherapy of mice infected with different
LCMYV isolates. The CTL-independent clearance mechanisms
such as IFNs and neutralizing antibodies could explain why
clearance of virus from carrier mice can occur in the absence of
any demonstrable immunopathology, e.g., in the brain, where
CTL-mediated lysis could cause irreversible damage (14). The
presented data suggest that long-term induction of neutralizing
antibody responses might be critical for successful virus elimina-
tion in adoptive immunotherapy of human virus infections with
viruses that have the tendency to persist, such as cytomegalovirus,
Epstein—Barr virus, hepatitis B virus, or HIV.
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